Using density functional theory (DFT) we show that intrinsic ferromagnetism in two-dimensional (2D) carbon semiconducting structures can be achieved by linking triangular graphene nanoflakes (GNFs) with carbon chains containing an odd number of carbon atoms. The observed magnetism can be understood from the singlet-triplet rule of C chain, the anti-pattern rule for a magnetic bipartite C structure, and the Lieb-Mattis criterion. Monte Carlo (MC) simulations indicate that the 2D frameworks can display transitions from a high-spin state to a low-spin state and to a paramagnetic state as temperature increases.
Graphene sheet 1 and its related structures show many unique properties; among them magnetism is very interesting. 2 It has been confirmed that zigzag-edge states of graphene nanoribbon (GNR) contribute to magnetism. 3 In fact there are two important magnetic structures related to zigzag-edge states: GNR and a triangular graphene nanoflake (GNF), both of which can be experimentally obtained by various cutting techniques. 4, 5 However, these two structures display different magnetic behavior: GNR structures show antiferromagnetic (AFM) coupling between the two edges. Although GNFs exhibit ferromagnetic (FM) coupling among three zigzag edges, 5 the coupling between GNFs becomes AFM when they are directly assembled. 6, 7 Recent experiments showed that graphene can exhibit intrinsic ferromagnetism. 8 On the other hand Sepioni et al. found no FM state in their graphene samples, but only weak paramagnetism (PM) was observed. 9 The questions here are: How does one understand these conflicting experimental results? Can two-dimensional (2D) graphene-based structures show ferromagnetism without addition of any other impurities?
In this Rapid Communication, we show that 2D FM (PM) carbon structures can be achieved by linking GNFs with odd-(even-)numbered carbon chains. Such structures can be realized in experiments using electron-beam irradiation, etching techniques, 10 or block copolymer lithography 11 techniques.
Our calculations are based on DFT with the Perdew-Burke-Ernzerhost (PBE) 12 form for the generalized gradient approximation for exchange correlation functional, as implemented in the Vienna ab initio simulation package. 13, 14 We use a vacuum space of 12Å to avoid interactions between two images. point and 5 × 5 × 1 Monkhorst-Pack special-k-point meshes 15 are applied to represent the reciprocal space for 0D cluster and 2D periodic framework structures, respectively. Convergence of total energy, Hellman-Feynman force, and energy cutoff are set to be 1×10 −4 eV, 0.01 eV/Å, and 400 eV, respectively. The accuracy of our theoretical procedure has been tested in a previous paper. 16 First we examine the electronic and magnetic properties of isolated triangular GNFs. According to Lieb's theorem, 17 GNF with m zigzag C-atom lines (GNF m ) always exhibits (m − 2) magnetic moments. For example, our results show that the total magnetic moments of GNF 3 and GNF 5 are, respectively, 1 μ B and 3 μ B , both consistent with Lieb's theorem.
Next we consider the magnetic coupling between two GNFs. Here GNF 5 and GNF 3 are selected as test cases. As shown in Fig. 1 (a) and (b), when two GNF 5 s are linked directly with each other, they prefer AFM coupling (0 μ B ), which is 47 meV lower in energy than that with FM coupling. In contrast, if one C atom is introduced between them, the FM state becomes more favorable than the AFM state by 196 meV, and the total magnetic moment becomes 8 μ B . The corresponding results of GNF 3 are shown in Fig. 1 (c) and (d), where the ground state for GNF 3 -GNF 3 and GNF 3 -C 1 -GNF 3 has 0 μ B (AFM is 38 meV lower than FM) and 4 μ B (FM is 165 meV lower than AFM), respectively. These findings suggest that the magnetic coupling between GNFs can be mediated by introducing C atoms. The next question is what would happen if we increase the number of C atoms forming a C chain? To answer this we recall the "singlet-triplet rule" found in C chains. 18 This rule states that a single hydrogenterminated carbon chain with an odd (even) number of C atoms has the triplet (singlet) ground state. Based on these findings we can expect that the magnetic coupling between GNFs can be modulated by changing the chain length.
Geometric structure calculations of GNF 5 -C n -GNF 5 show that the distributions of bond lengths of C-C on C chain are similar to that in an isolated hydrogenated C chain. 19 This indicates that the C chain between the two GNFs behaves more similarly to a H-terminated polyyine than to a H 2 -terminated chain. 20 We now focus on the magnetic coupling between two GNF 5 s. It is found that the magnetic couplings are different depending on n. We plot exchange energy (E AFM − E FM ) for n = 0 to 7 in Fig. 2(a) . As can be seen odd (even) n leads to FM (AFM) coupling between two GNF 5 s. The spin density of GNF 5 -C 5 -GNF 5 in FM state and GNF 5 -C 4 -GNF 5 in AFM state are plotted in Fig. 2(b) . For odd n, each GNF 5 contributes 3 μ B , and the C chain contributes 2 μ B . Thus, the total magnetic moment of it is Fig. 2(c) ]. On the other hand for even n = 0 the system shows stable AFM-singlet ground state with exchange energy of −47 meV. For n = 2, 4, and 6, the exchange energy is negative and very small (absolute value smaller than 10 meV) and approaches zero for larger n, indicating nearly degenerate FM and AFM states. In these even n cases the C chains are nearly NM [ Fig. 2(c) ], similar to that seen in hydrogen-terminated finite C chains C 2m H 2 . 18 Hence, the total magnetic moment of GNF 5 
For a better understanding of our results, it is helpful to note the following pattern rule (termed as an antipattern rule): magnetic C atom favors to couple ferrimagnetically [↑↓] with its nearest neighbor magnetic C or antiferromagnetically in bipartite C-based nanomaterials including zigzag edged GNR, 21 partially hydrogenated graphene sheet, 22,23 GNF, 6, 7 etc. To obey the rule two GNFs should have parallel spin direction when linked by a triplet chain with an odd number of C atoms, showing a coupling configuration like [↑↓↑↓↑] . Here, the central three arrows represent the C chain. We observe that the 2-μ B magnetic moment is distributed almost uniformly on the C chain. The two end C atoms of the chain carry less and less magnetic moment as n gets larger, so the coupling strength between the GNF 5 and the C chain decreases monotonically. This leads to a decrease of the exchange energy. On the other hand even-numbered isolated C chains have NM-singlet ground states, and when inserted between two GNFs they are only slightly magnetically polarized by GNF 5 . Thus, the ability to mediate magnetic coupling is weak. The magnetic coupling configurations [↑. . .↓] and [↑. . .↑] are nearly degenerate for n = 2, 4, 6. But for n = 0, these two GNF 5 s are directly linked. The antipattern rule requires AFM coupling between two GNF 5 s. We should emphasize that the above rule may not be valid for C chain coupled with other foreign elements, e.g., d-orbital transition-metal atoms, 24 since some other magnetic coupling mechanisms may exist between foreign atoms.
The total magnetic moment of the systems cannot be derived from the Hubbard model based on Lieb's theorem 17 where the Coulomb energy U should be positive and constant with respect to all sites and each site can only have one unpaired electron. On the other hand we notice that the present antipattern systems satisfy the Lieb-Mattis condition of g = 0, 25 where the authors applied a Heisenberg magnetic model. In their work the total spin of the systems can be derived by = |S A − S B |, where S A(B) represents the maximum possible spin of subset A (B). Therefore, we can evaluate S A(B) and in our systems. Taking GNF 5 -C 5 -GNF 5 as example, the maximum possible spins of each C atom on the GNF and the chain are 1 μ B and 2 μ B , respectively, depending on their coordination numbers. Thus,
, which is consistent with our first principle result. For GNF 5 -C 4 -GNF 5 , similar procedure can be applied to demonstrate the AFM coupling of the ground state (S A = 18 × 1
In order to understand the magnetic coupling between the GNF and the C chain quantitatively we use the Ising model to calculate the exchange parameters J GC and J GG [Fig. 2(c) ]. Symbols s G and s C denote the total magnetic moment of GNF and C chain, respectively. In the Ising model the Hamiltonian can be written as H = H 0 + i,j J ij s i s j , where J ij is the exchange parameter between i and j. J GC and J GG can be determined through the following energy calculations. For systems with an odd-numbered C chain, we use two different magnetic configurations: (s G , s C , s G ) = (3, 2, 3) and (3, −2, 3), with corresponding total energy denoted as E 1 and E 2 , respectively. Therefore, J GC can be obtained through J GC = (E 1 − E 2 /)4s G s C . For even n the exchange parameter J GG = (E FM − E AFM /)2s G s G . As plotted in Fig. 2(d) , J GC is negative ranging between −18 meV and −8 meV. For even n only n = 0 case has a relatively large exchange parameter J GG (=2.6 meV), indicating AFM coupling. For n = 2, 4, 6, we can see that J GG is rather small, namely, <0.5 meV. Thus, the systems will exhibit magnetic duality.
Finally, we build a periodic 2D framework using GNF 3 -C 3 -GNF 3 (Fig. 3 ). We also studied periodic GNF 3 -C 4 -GNF 3 framework. It is again found that FM and AFM states are nearly degenerate in energy, consistent with the observation of weak PM in Ref. 9 . We again find that two GNF 3 s carrying 1 μ B each couple in FM state [ Fig. 3(b) ], which is favored over the AFM state by 0.354 eV/unit. Each C 3 chain continues to contribute 2 μ B to the magnetic moment. Therefore, in one unit cell we can obtain a total magnetic moment of (2 × 1+ 3 × 2 =) 8 μ B . This confirms that the previous magnetic coupling results are also valid for periodic 2D systems and consistent with experimental observations. 8 We note that this novel porous graphene-based sheet can show large and stable ferromagnetism. Band-structure calculation shows that the system is semiconducting with a 1.10 eV bandgap. 19 To check the stability of such periodic systems, we performed molecular dynamics simulations using Nose-Hoover heat bath at 300 K for 3000 fs. After simulation, the system retains its structure with only slight distortions, which can be relaxed back to its original form through geometry optimization. Also, we considered the reaction of periodic GNF 3 -C 3 -GNF 3 with H 2 as well as O 2 molecules. It is found that H 2 interacts weakly with the system and does not affect FM properties, while O 2 bonds with the C chain and quenches its magnetism. 19 Therefore, oxygen contamination should be avoided.
We also need to point out that the two GNFs linked by a carbon chain can experience relative rotations, and the energy will change with the dihedral angle. However, the nature of magnetic coupling remained unchanged. 19 But for a periodic 2D structure the system becomes stiff, and the relative rotation will be restrained.
In order to examine the magnetic behavior of this periodic framework at finite temperatures, we carried out MC simulations for a (10×10) supercell system using the Ising model. 1×10 5 steps are used to analyze the data. Total energy of the system is estimated using the Ising model discussed previously, which can capture the basic magnetic properties of the systems. We plot the variations of total magnetization M = i s i per unit cell with respect to temperature. Multispin states are found with magnetic moment of 8, 6, and 0 μ B as temperature increases [ Fig. 4(a) ]. The low-spin state of 6 μ B is observed between 180 ∼ 280 K, which is attributable to the thermal spin flipping in one carbon chain in the unit cell. When temperature increases further, no net magnetic moment was observed. The Curie temperature is found to be ∼440 K. To check whether such multistate spin configuration phenomenon is a common feature for all periodic systems, we performed MC simulations for 2D periodic GNF 5 -C 7 -GNF 5 [ Fig. 4(b) ]. As observed, it also has high-spin state (12 μ B when temperature is below ∼80 K), low-spin state (10 μ B when temperature is between ∼100 and ∼200 K), and paramagnetic state as temperature varies. Beyond 200 K, magnetization gradually decreases as temperature increases. Therefore, we conclude that the multispin-state property is a common feature for 2D periodic framework composed of GNFs and C chains.
In summary we have systematically studied the magnetic property of GNFs linked by C chains. We found that even and odd numbered C chains lead to different magnetic coupling between GNFs. Odd-numbered magnetic C chains result in FM coupling between GNFs, while even-numbered C chains do not. The underlying mechanisms can be understood from the singlet-triplet rule of C chain, the anti-pattern rule for a magnetic bipartite C structure, and the Lieb-Mattis criterion determining the total magnetic moment. MC simulation further shows that, depending on temperature, the 2D framework can display rich magnetic properties: high-spin, low-spin,
